Abstract---A new type of stepping motor, named nutation motor was developed. This motor has a reduction mechanism consisting of a pair of bevel gears, realizing high torque and high resolution stepping motion. Three prototypes, two pneumatic nutation motors and an electric nutation motor, were designed, developed, and tested. We show the basic driving principle and the experimental results in this paper.
INTRODUCTION
Combining reduction gears and a motor produces a compact actuators with high torque [l], [2] . The aim of this research is to develop a new stepping motor which has reduction mechanism, resulting in high torque and compact mechanism. A reduction mechanism consisting of a pair of bevel gears is used in our design. We have developed three types of nutation motor based on this design. Figure 1 shows a basic driving principle of nutation motor. Nutation motor consists of a pair of bevel gears; a cone-shaped bevel gear, named nutator and a cup-shaped bevel gear, named rotor. While the rotor is supported by hearings, the nutator is supported hy a spherical hearing and guide pins, allowing its nutation as shown in Fig. 1 As the bevel gears have different numbers of tooth, nutation of the nutator causes rotation of the rotor. The nutator is driven by pneumatic cylinders or electric solenoids set behind the nutator. Fig. 1 shows an example of a pneumatic nutation motor, in which a pneumatic cylinders push on the nutator sequentially as shown the arrows in Fig. 1 .
DRIVING PRINCIPLE
We have several variations of this nutation mechanism. Figure 2 shows another example. The output shaft is connected to the nutator with a universal joint in this design. 
PROTOTYPESAND EXPERIMENTS
Three prototypes are shown in this report; a pneumatic nutation motor [3] , a micro pneumatic nutation motor, and an electric nutation motor [4] . Figures 3,4 , and 5 show the cross-section of each motor. Figure 6 shows an interior of the pneumatic nutation motor. Table 1 shows the specifications and experimental characteristics of each motor.
The reduction gear structure of the pneumatic motor shown in Fig. 3 is based on the mechanism shown in Fig.1 . The nutator is driven by three pneumatic cylinders built in the motor housing.
The micro pneumatic motor shown in Fig. 4 is I O mm in diameter. It has a rubber diaphragm which has three convex pneumatic rooms. Applying air pressure to each chamber sequentially causes sequential elastic deformation of the diaphragm, resulting in the nutation of the nutator. Meshing of the nutator bevel gear and the fixed bevel causes rotation of the nutator. The rotation of the nutator is transmitted to the output shaft through output bevel gears as shown in Fig. 4 .
The electric motor shown in Fig. 5 consists of six solenoid coils. The reduction mechanism is based on the mechanism shown in Fig.2. 
CONCLUSIONS
We proposed a new stepping motor, named nutation motor. Three prototypes are developed and their mechanism and characteristics are shown in this report. The motor realizes high torque and has a great potential as a new direct-dnve stepping motor for robots. 
